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Cell death is a process that can be divided into three morphological patterns: apoptosis, autophagy and necrosis. In fungi, cell death is induced in response to intracellular and extracellular perturbations, such as plant defense molecules, toxins and fungicides, among others. Ustilago maydis is a dimorphic fungus used as a model for pathogenic fungi of animals, including humans, and plants. Here, we reconstructed the transcriptional regulatory network of U. maydis, through homology inferences by using as templates the well-known gene regulatory networks (GRNs) of Saccharomyces cerevisiae, Aspergillus nidulans and Neurospora crassa. Based on this GRN, we identified transcription factors (TFs) as hubs and functional modules and calculated diverse topological metrics. In addition, we analyzed exhaustively the module related to cell death, with 60 TFs and 108 genes, where diverse cell proliferation, mating-type switching and meiosis, among other functions, were identified. To determine the role of some of these genes, we selected a set of 11 genes for expression analysis by qRT-PCR (sin3, rlm1, aif1, tdh3 [isoform A], tdh3 [isoform B], ald4, mca1, nuc1, tor1, ras1, and atg8) whose homologues in other fungi have been described as central in cell death. These genes were identified as downregulated at 72 h, in agreement with the beginning of the cell death process. Our results can serve as the basis for the study of transcriptional regulation, not only of the cell death process but also of all the cellular processes of U. maydis.
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INTRODUCTION

Cell death is a conserved and essential process which confers an adaptive advantage to the organisms, and manifests with macroscopic morphological alterations. Cell death is classified into three main different categories: (1) apoptosis or type I cell death, (2) autophagy or type II cell death, and (3) necrosis or type III cell death (Falcone and Mazzoni, 2016; Galluzzi et al., 2018).

Apoptosis occurs when DNA damage is irreparable, and it is characterized by morphological changes, such as cellular shrinkage, chromatin condensation (pyknosis), nuclear fragmentation (karyorrhexis), loss of adhesion to neighbors cells or to extracellular matrix and dynamic membrane blebbing (Elmore, 2007). At a biochemical level, the chromosomal DNA is cleavage into internucleosomal fragments, and membrane phosphatidylserine externalization and a number of intracellular substrates are breakdown by specific proteases, finishing with the formation of apoptotic bodies (small vesicles) to be posteriorly degraded within vacuoles (Matsuyama et al., 1999; Wloch-Salamon and Bem, 2013).

Autophagy is characterized by accumulation of double-membraned vesicles termed autophagosomes, and bulk degradation of long-lived proteins. In general, there is delivery of the organelles or cytoplasmic components to vacuole (autophagic vacuoles) and culminating with phagocytic uptake and consequent vacuolar degradation, allowing a cell to monitor membrane continuity or integrity (Wloch-Salamon and Bem, 2013).

Finally, necrosis is involved into the preservation of tissue homeostasis, to eliminate damaged cells. In this process, there is a rapid loss of plasma membrane integrity, mitochondrial dysfunction, and organelle swelling (Hitomi et al., 2008).

In fungi, most studies on cell death are focused on Saccharomyces cerevisiae, Schizosaccharomyces pombe and Candida albicans (Ramsdale, 2008; Gonçalves et al., 2017). This process is induced in response to exogenous components such as plant defense molecules, toxins and fungicides, during non-self-recognition, and heterokaryon incompatibility, and during developmental programs throughout the fungal life cycle, including morphogenesis associated with plant infection (Ramsdale, 2008; Gonçalves et al., 2017).

Ustilago maydis is a Basidiomycota biotrophic fungus which causes common smut in corn (Zea mays) and its progenitor, the teozintle (Z. mays subsp. parviglumis) (Agrios, 2005). U. maydis causes infection symptoms such as chlorosis, increased anthocyanin biosynthesis and large galls in the aerial parts of the plant (Lanver et al., 2017). To complete its life cycle, this fungus requires the plant (García-Muse et al., 2003), and it is an excellent model for dimorphism and virulence.

In a previous work, we identified that in artificial media, U. maydis loses its viability in a noticeably shorter time compared with S. cerevisiae, Yarrowia lipolytica, and Sporisorium reilianum. Addition of curcumin or metformin increased the half-life of the fungus (Soberanes-Gutiérrez et al., 2020). These findings indicate that there are differences in the process of cell death of these yeasts compared with other fungi, and that the shortness of U. maydis lifespan is not related to its pathogenicity, or to its dimorphism. For that reason, we are interested in analyzing the genes involved in cell death of U. maydis.

In this context, the gene regulatory networks (GRNs) control the cellular processes of the organisms. GRN can be conceptualized in a graph which consists of two main components: nodes that represent the regulatory proteins (TFs) and target genes (TGs); and edges that represent the physical and/or regulatory relationships between the nodes (Babu et al., 2004; Peter and Davidson, 2015). Only few GRNs have been experimentally characterized for fungal organisms, such as S. cerevisiae (Monteiro et al., 2020), Aspergillus nidulans and Neurospora crassa (Hu et al., 2018). For this reason, homology-based approaches tend to be a solution for the study of GRNs in other lesser-known organisms (Galán-Vásquez et al., 2016; Lenz et al., 2020).

An analysis of the regulation of the cell death process in U. maydis will provide clues to understand the differences with other fungal systems, focusing on the study of its cell death mechanism. To this end, we inferred its gene regulatory network (GRN) through homology relationships from three fungal genomes with GRNs experimentally described. From this reconstruction, we identified and analyzed the genes associated with the cell death module, from which a set of 11 genes were posteriorly analyzed by qRT-PCR.



DATA AND METHODOLOGY


Reconstruction of the GRN

The GRN is a collection of regulatory interactions that can be represented in a graph as G = (V,A), where V is a set of vertices that correspond to genes or proteins in the network and A is a set of edges, and every edge (u,v) connects two vertices, u and v. The network can be directed, i.e., the interaction goes from u (the tail) to v (the head), or undirected, where there is no direction of the interaction between any or two vertices.

To reconstruct the GRN in an organism with no regulatory interactions experimentally described, a comparative genomics approach can be used. To this end, the GRN from a model organism can be used as a template to export interactions in the organism of interest. This inference is based on the assumption that orthologous TFs generally regulate the expression of orthologous TGs (Yu et al., 2004; Galán-Vásquez et al., 2016). In this work, three templates were considered for the inference of the GRN of U. maydis. GRN of S. cerevisiae was obtained from YEASTRACT database, only the interactions with experimental evidence were considered, which is composed of 6,709 nodes and 179,601 interactions (Monteiro et al., 2020); A. nidulans with 5,969 nodes and 10,018 regulatory interactions; and N. crassa with 7,446 nodes and 20,499 regulatory interactions (Hu et al., 2018).

To identify orthologous proteins between the U. maydis proteome and the proteomes of A. nidulans, N. crassa, and S. cerevisiae, we used the program ProteinOrtho (V6.0.15) (Lechner et al., 2011), with the following parameters: E-value of 0.01, a sequence coverage of 50%, and minimal percent identity of best blast hits in 30%, except for the report of singleton genes without any hit. OrthoVenn2 was used to identify orthologous clusters in the four proteomes, and to perform a functional enrichment analysis for each cluster, we used the E-value cutoff of 0.01 for all-to-all protein similarity comparisons, an inflation value of 1.5 for the orthologous clustering using Markov Cluster Algorithm. The enrichment analysis was considered significant with a P-value less than 0.05 (Xu et al., 2019). Our reconstruction approach considers that if the sequences corresponding to TFs and TGs are conserved, then regulatory interactions are also conserved (Supplementary Table 1).



TF Identification

To assess the diversity of TFs, protein sequences of whole proteomes were used to search TF domains using InterProScan (v5.25-64.0) (Jones et al., 2014) and hmmsearch (v3.1b2) (Potter et al., 2018). InterProScan was used to map Interpro families and domains, while hmmscan was used to identify PFAM domains over the pfam database (v31.0-2017-02) using default parameters (El-Gebali et al., 2019; Supplementary Table 2).



Network Structural Analysis

To determine the structure of the reconstructed network the following topological metrics were calculated: node degree, clustering coefficient, connectivity, hubs, and communities (Junker and Schreiber, 2011). The node degree (K) corresponds to the number of edges that it has with other nodes. In directed networks as GRN, input degree (Kin) is the number of arrows that enter to node, which corresponds to the TFs that affect a TG; output degree (Kout) is the number of arrows that leave a node, and corresponds to the number of TGs by which a TF is regulated (Barabási and Oltvai, 2004).

The connectivity is the association between each pair of nodes, which can be via a direct or indirect edge through intermediate connections. A connected component is a set of nodes that are linked to each other node by paths, in this context, the giant component contains the most proportion of nodes of the network (Junker and Schreiber, 2011).

Centrality in a graph, C, measures the contributions or importance of a node in a network. As we are interested in the ranking of the node of the given graph G, we chose the convention that a node u is more important than another node v if C(u) > C(v). The most relevant centrality metrics are: degree, closeness, betweenness and eigenvector centrality, which assigns every v∈V of a given graph G a value C(v)∈R (Junker and Schreiber, 2011).

In graph theory, a community is defined as a subset of nodes that can function independently. The Blondel’ algorithm assigns a different community to each node of the network, and then a node is moved to the community of one of its neighbors with which it achieves the highest positive contribution to modularity. This step is repeated for all nodes until no further improvement can be reached. Then, each community is considered as a single node on its own, and a subsequent step is repeated until there is only a single node left or when the modularity cannot be increased in a single step (Blondel et al., 2008). These metrics provide information about how connected the elements in a network and their module structure are (Junker and Schreiber, 2011; Lenz et al., 2020).



Functional Annotation Analysis

To determine the biological process enriched in each community, we used the Database for Annotation, Visualization, and Integrated Discovery (DAVID 6.81), which is a gene functional classification system that integrates a set of functional annotation tools (Jiao et al., 2012). Each list of genes from the communities were used to perform an enrichment analysis in Gene Ontology terms, a statistical significance at P-value of <0.05 was set (Supplementary Table 3).



Cell Death Module

A total set of 430 genes related to cell death in S. cerevisiae was mined using the keywords: “cell death,” “apoptosis,” “autophagy,” and “necrosis,” in YEASTRACT+ (Monteiro et al., 2020). Those genes were also annotated with gene ontology and were considered as members of the cell death module in the GRN of S. cerevisiae (Supplementary Table 4). Based on this list, we identified by orthology criteria the cell death module within the GRN of U. maydis (Supplementary Table 4). This approach involves that the biological functions of each of the genes are conserved.



Ustilago maydis Growth Conditions

Ustilago maydis wild-type strain FB2 (a2b2; donated by Banuett, 1992 California State University, Long Island, CA, United States) was maintained in 50% glycerol (v/v) at −70°C and recovered in liquid MC medium (0.5% peptone, 1% yeast extract, 1% glucose, 0.15% NO3NH4, 62.5 mL U. maydis salt solution l-1) (Holliday, 1961). Cells (1 × 106⋅mL-1) were inoculated into 500 ml of MC liquid medium and incubated at 28°C with shaking conditions at 180 rpm for 24 h (exponential phase), 48 h (stationary phase), and 72 h (loss of viability begins due to chronological aging) according to previous descriptions (Soberanes-Gutiérrez et al., 2020), and the samples were recovered by centrifugation. Cells were washed twice with sterile distilled water (SDW), collected by centrifugation at 1250 g, and used for ribonucleic acid (RNA) extraction.



RNA Extraction and qRT-PCR Analysis

Ustilago maydis cells (1 × 106⋅mL–1) were inoculated in liquid MC medium (Holliday, 1961) and incubated as described above. RNA was isolated from three independent cell cultures with Trizol reagent (Invitrogen, Carlsbad, CA, United States) following the manufacturer’s instructions. RNA isolated was treated with DNAse I (Invitrogen) and checked for yield and quality by measuring the absorbance ratio at A260/280 and A260/230 with a Nanodrop (Thermo Scientific, Waltham, MA, United States), and its integrity was observed by electrophoresis in denaturing agarose gels. First-strand cDNA was synthesized with SuperScript III Reverse Transcriptase (Invitrogen), using 5 mg RNA samples as the template. cDNA was quantified in a GeneQuant II spectrophotometer (Amersham Biosciences) and all samples containing the same quantity of first-strand cDNA (200 ng) were PCR-amplified per triplicate using KAPA SYBR FAST qPCR Master Mix (2X) kit with ROX (Kapa Biosystems, Merck KGaA, Darmstadt, Germany) according to the instructions of manufacturer and gene expression was quantified with a Step One Real-Time PCR system (Applied Biosystems, Foster City, CA, United States) with the oligonucleotides listed in Table 1.


TABLE 1. Sequences of forward and reverse primers used for qRT-PCR analysis.
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The actin gene was selected due to its stable expression and used as the housekeeping for qRT-PCR analysis. Threshold values (Ct) were used to quantify relative gene expression by the comparative 2–ΔΔCT method (Livak and Schmittgen, 2001). Expression levels shown in Log2 scale from relative quantification number (2–ΔΔCT). FB2 at 24 h was used as calibrator sample, therefore, ΔΔCT was obtained from the equation ΔCT(1T) – ΔCT (of each evaluated sample), where ΔCT represent [CT (selected gene)∗E]-[CT(Actin)∗E]. The efficiency (E) of each primer pair was evaluated using cDNAs as the template and was serially diluted 10-fold and the efficiency was determined from calibration curves using the formula ([10^(−1/slope)]−1). The thermocycling program consisted of one hold at 95°C for 1 min, followed by 39 cycles of 95°C for 15 s, 20 s at 60°C, and 20 s at 72°C. A melting-curve data was collected to verify specificity, contamination, and the absence of primer dimers. The samples were qRT-PCR amplified per triplicate, a blank (no template control) was also incorporated in each assay, and three independent experiments were performed.



Statistical Analysis

The statistical analysis was performed using GraphPad Prism version 8 (GraphPad Software, California, United States). Unpaired t-test, One-Way ANOVA Analysis were performed to assess statistical significance. Data represent the mean ± SEM. P-values < 0.05 were considered as statistically significant.




RESULTS AND DISCUSSION


Regulation in U. maydis

In order to analyze the regulatory elements in U. maydis, its GRN was reconstructed using as a reference three fungal models, S. cerevisiae, A. nidulans, and N. crassa (Hu et al., 2018; Monteiro et al., 2020). First, we analyzed the shared orthologous proteins between these four genomes and displayed them in OrthoVenn2 (Xu et al., 2019). The Venn diagram evidenced 2,326 clusters of 9,964 orthologous proteins common to all organisms, corresponding to 35.17% of the U. maydis proteome (Figure 1). The main functions associated with these proteins corresponded to rRNA processing (GO:0006364) (P-value: 2.638e-10) and translation (GO:0006412) (P-value: 2.353e-07) and are the most represented GO terms. This functional analysis indicates that core proteins shared by the four fungal species include those involved in the conversion of a primary ribosomal RNA (rRNA) into one or more mature rRNA molecules, as well as cellular metabolic process in which a protein is synthesized by using the sequence of a mature mRNA or circRNA molecule. The diagram also displays 95 clusters including 261 proteins specifically identified in U. maydis, suggesting that those proteins are species specific, and they represent 3.9% of genome proteins. These clusters include genes related to transcription DNA-template (GO:0006351), iron ion homeostasis (GO:0055072), response to wounding (GO:0009611), and hydrogen peroxide biosynthetic processes (GO:0050665).
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FIGURE 1. Orthologous proteins shared between U. maydis, A. nidulans, N. crassa, and S. cerevisiae. (A) Venn diagram comparing orthologous clusters of whole proteomes. (B) The bar plot graph shows the number of orthologous clusters by organism. (C) The plot indicates the number of clusters that are organism specific or shared by 2, 3, or 4 organisms. (D) For the 2326 clusters shared by 4 organisms, the protein abundance levels (in percentages and absolute numbers) are shown for each organism.


An organism’s TF repertoire consists of a set of proteins that regulate gene expression in the cell. In fungi, approximately 80 families of TFs have been identified to date, and their proportions in genomes increase as genome size increases, with larger genomes having more TFs. However, the increase is mainly restricted to three major families: Zn2/Cys6 clusters, C2H2-like Zn fingers, and homeodomain-like (Shelest, 2017).

We compiled InterPro and PFAM predictions in U. maydis, and a set of 363 proteins described as TFs was identified that represent of 5.37% of proteome, these proteins are distributed in 59 families, where the most abundant are Zn2/Cys6 clusters (PF00172), which are comprised of 95 proteins (Table 2 and Supplementary Table 2). This domain is found in proteins that control a variety processes, such as carbon and nitrogen metabolism, amino acid and vitamin synthesis, stress response, pleiotropic drug resistance, meiosis and morphogenesis, among others (MacPherson et al., 2006), whereas the fungus-specific TF domain (PF04082) is associated with 41 proteins. This domain has been found in many fungal TFs involved in a wide diversity of cellular and metabolic processes (Ámon et al., 2017). Finally, C2H2-like Zn finger domain (PF00096) was found to be associated with 21 proteins. This domain is present in proteins related to gene transcription, translation, mRNA trafficking, protein folding and zinc sensing (Laity et al., 2001).


TABLE 2. Top 10 of the most abundant protein families in U. maydis.
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Gene Regulatory Network

The GRN in U. maydis was inferred from the orthology information and the GRNs of A. nidulans, N. crassa and S. cerevisiae. When orthologues of a TF-TG relationship in a model organism were identified for both TF and TG in U. maydis, a regulatory interaction was established (Yu et al., 2004; Galán-Vásquez et al., 2016).

The resulting network has 219 TFs, 2,849 TGs, and 23,932 regulatory interactions (Figure 2 and Supplementary Table 1) and covers 45.40% of the U. maydis proteome. The regulatory interactions inferred for U. maydis were preferentially assigned from S. cerevisiae (19,128 interactions), N. crassa (3,836 interactions), and A. nidulans (837 interactions).
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FIGURE 2. GRN of U. maydis. TFs (yellow nodes) and TGs (blue nodes). The most connected TFs (nodes) are UMAG_02449 (BHLH domain-containing protein), UMAG_03536 (hypothetical protein), UMAG_06256 (Zn(2)-C6 fungal-type domain-containing protein), UMAG_02835 (hypothetical protein), UMAG_10417 (hypothetical protein), UMAG_03280 (hypothetical protein), UMAG_10426 (pH-response TF pacC), UMAG_10368 (hypothetical protein), UMAG_01597 (Uncharacterized protein), and UMAG_15042 (Cell pattern formation-associated protein ust1).


From the 219 TFs in the GRN of U. maydis, 96 TFs regulate at least one TG inferred by homology and the rest of TFs are inferred by Interpro and Pfam. 50 TFs are self-regulated, i.e., the TF regulates its own gene. In addition, three TFs (UMAG_02449, UMAG_03536, and UMAG_02835) regulate the highest number of additional TFs (158, 106, and 100 regulated TFs, respectively). UMAG_02357, UMAG_02835, UMAG_10417, and UMAG_05773 were the TFs most regulated by other TFs, with 21, 20, 20, and 20 regulatory TFs, respectively (Table 3).


TABLE 3. General properties of the regulatory network.
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In addition, UMAG_02449 (a BHLH domain-containing protein) is the TF that more genes regulate, with 1997 targets genes. This protein is homologous to the CBF1 protein which is necessary for chromosome segregation, and in response to DNA replication stress, protein abundance increases (Kent et al., 2004). On the other hand, the protein-gene encoding for UMAG_10357 (Branched-chain-amino-acid aminotransferase), homologous to BAT2, which is preferentially implicated in branched-chain amino acid catabolism (Colón et al., 2011), was found to be highly regulated by 43 different TFs.



Topological Properties of the GRN

In order to characterize the global structure of the GRN of U. maydis, input degree (Kin) and output degree (Kout), which relate the number of TFs that regulate a gene and the number of genes that a TF regulates, respectively, were calculated. From this analysis, we observed that the maximum clustering coefficient is 1, indicating that nodes with neighbors who are related between them form complete graphs. This characteristic was found for 53 nodes (representing 1.43% of proteome), indicating that there are substructures such as triangles or more complex motifs. On the other hand, 508 nodes have a clustering coefficient equal to 0, which corresponds to 16.55% of nodes in the network; this is in part due to 496 of the nodes in the network having a degree of 1 and 2. We also found a mean 0.287 clustering coefficient for the network, indicating that neighbors have <1/3 connections among them. The nodes with highest clustering coefficient indicate that there are small highly connected groups, which may suggest the existence of a modularity in the network.

In addition, we identified the top 10 most important nodes by the metrics of the networks (Table 4). Centralities metrics are based on the nodes’ connectivity as well as the shortest paths between them. In this regard, the UMAG_02449 is the most significant node in terms of degree centrality (0.654). It codes for a putative TF-type basic helix-loop-helix, which is homologous to NCU08999 in N. crassa, AN7734 in A. nidulans and the protein CBF1 in S. cerevisiae, which is necessary for chromosome stabilization and methionine prototrophy. It is involved in chromosomal segregation and binds to CDEI, a closely conserved DNA sequence present in centromeres and multiple promoters (Peterson et al., 1998).


TABLE 4. Centralities of top 10 nodes.
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Furthermore, we identified that Putative branched-chain-amino-acid aminotransferase (UMAG_10357) is the node that minimizes the sum of distances to the other nodes, i.e., the node with the high closeness score (0.017) as well, UMAG_10357 is the node that interacts with other highly connected nodes, i.e., the node with the highest eigenvector centrality (0.078). Thus, a protein has been described as a putative branched-chain-amino-acid transaminase that is homologous to BAT1 of S. cerevisiae, which is involved in both the biosynthesis and degradation of BCAAs, such as isoleucine, valine and leucine (Cherry et al., 2012).

UMAG_05773 was found to be the most significant when the betweenness centrality of a node v (0.0036) was calculated; it is determined as the sum of the fraction of all-pairs shortest paths passing through v, i.e., the effect of a node on the information flow between any two nodes, assuming that this flow primarily along the shorts paths between them. UMAG_05773 is a hypothetical protein homologous to YMR136W of S. cerevisiae, that is, the GAT2 protein. It contains GATA family zinc finger motifs as Gln3p and Dal80p, and leucine inhibits expression (Forsberg et al., 2001; Table 4).

Finally, we identified that several proteins are in the top ten of more than one centrality, such as: UMAG_12244 which is homologous to SMB1 in S. cerevisiae, which encodes Small nuclear ribonucleoprotein-associated protein B; UMAG_11928 homologous to PCL1 in S. cerevisiae, which is a cyclin that regulates polarized growth and morphogenesis, as well as progression through the cell cycle; UMAG_10417, homologous to GAT1 in S. cerevisiae, which is a transcriptional activator of nitrogen catabolite repression gene; among others. Therefore, these proteins are important for monitoring and transmitting information within the network; i.e., they can be affected quickly by changes in any part of the network, and modulate expression changes in other parts of the network. At the structural level these proteins can connect the different subunits of the network.

We identified the top ten hubs in order to find the most connected TFs in the reconstructed network (Table 5). A hub was defined as a TF with connections with many other nodes. From these hubs, the two most connected are BHLH domain-containing protein (UMAG_02449), which regulates 1997 targets and is homologous to CBF1 in S. cerevisiae (see below) (Stoyan et al., 2001), and UMAG_03536, which regulates 1293 genes and is homologous to SFP1, which controls the transcription of ribosomal proteins and biogenesis genes, as well as the response to nutrients and stress, G2/M transitions during the mitotic cell cycle, the response to DNA damage, and modulates cell size (Marion et al., 2004). These 10 top hubs interact with 90% of the total target genes.


TABLE 5. Identified hubs in the reconstructed network.
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Identification of Communities in the Network

In order to identify the most related elements and uncover relations not previously described, we explored the network from the perspective of communities. A community is a subset of nodes that are densely connected as compared to the rest of the network (Radicchi et al., 2004). The U. maydis network contains 17 communities, where the longest contains 969 genes and the smallest contains 50 genes (Supplementary Table 3).

Each community was functionally analyzed with the gene ontology (GO) terms enrichment (Figure 3). From this analysis, the communities with the greatest diversity of enriched biological processes are: Community-13, which contains genes related to the tricarboxylic acid cycle, energy derivation by oxidation of organic compounds and transmembrane transport, among others; Community-11, which contains genes related to cellular biosynthetic processes, organic substance biosynthetic processes, organonitrogen compound metabolic processes, among others; Community-3, which contains genes related to cellular response to stress, regulation of cell cycle, among others. On the other hand, the community-9 does not contain enriched biological processes, indicating that gene diversity is high (Figure 3).


[image: image]

FIGURE 3. Communities in the network. The richest biological processes for each community were identified and hierarchically clustered based on Euclidean distance measures and Ward’s method for linkage analysis. Each row represents the GO term for biological processes, and each column represents the community ID.




Module of Cell Death

In order to study the regulation involved in viability in U. maydis, we identified a subset of 430 genes of S. cerevisiae involved in cell death, which included genes related to autophagy, apoptosis and necrosis (Cherry et al., 2012). We identified 168 orthologous genes involved in cell death, and this group is included in a module with 759 regulatory interactions in U. maydis (Figure 4 and Supplementary Table 4).
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FIGURE 4. Cell death module in U. maydis. Nodes in yellow represent TFs, and nodes in blue are TGs; the gray edges represent regulatory interactions. The size of a node is proportional to its degree of output.


Topologically, the module consists of one giant component, with 60 TFs and 108 target genes, where the most highly connected node corresponds to the TF HDAC_interact domain-containing protein (UMAG_11717, which regulates 48 of the 168 target genes, including its own regulation). This protein is homologous to SIN3 of S. cerevisiae, which is associated with cell proliferation, energy metabolism, mating-type switching and meiosis, maintenance of chromosomal integrity and decrease cell death (Silverstein and Ekwall, 2005; Teng et al., 2011).

On the other hand, 14 different TFs regulate the expression of Glyceraldehyde-3-phosphate dehydrogenase (UMAG_02491) and UMAG_02491.1. Both TGs are the most regulated genes in the module and are homologous to TDH3 [isoform A] and TDH3 [isoform B] of S. cerevisiae, which are involved in glycolysis and gluconeogenesis (Delgado et al., 2001).

We also identified other genes of interest in the cell death module, such as the TF MADS-box domain-containing protein (UMAG_10560), which regulates 15 target genes and is the most central node based on eigenvector centrality (0.2333). This protein is involved in the maintenance of cell integrity (Jung et al., 2002). In addition, UMAG_05721 was identified as the most central node according to betweenness centrality (0.0629), and it is homologous to srb1, which encodes GDP-mannose pyrophosphorylase (mannose-1-phosphate guanyltransferase), an enzyme required for normal cell wall structure (Uccelletti et al., 2005). In the same context, UMAG_05687 is the most central node according to closeness centrality (0.1349); it encodes putative 20S proteasome subunit alpha 6, which is responsible for degradation of substrates of the ubiquitin pathways (Jung and Grune, 2013). Finally, we identified genes related to cell death previously studied in U. maydis and other organisms (Table 6).


TABLE 6. Genes related to cell death.
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Gene Expression Analysis

To evaluate the impact of the genes related to cell death, we selected a set of 11 genes of interest from the cell death module identified. These included the most connected TFs in the cell death module (sin3 or UMAG_11717), the most central node using eigenvector centrality (rlm1 or UMAG_ 10560), the most regulated genes (tdh3 [isoform A] or UMAG_02491, and tdh3 [isoform B] or UMAG_02491.1), as well as, seven homologous genes involved in cell death in S. cerevisiae and Candida albicans: mca1 (UMAG_01408), nuc1 (UMAG_05674), tor1 (UMAG_00801), ras1 (UMAG_00986), atg8 (UMAG_05567), ald4 (UMAG_05407), and aif1 (UMAG_01967). The expression levels of all the selected genes were measured by qRT-PCR, at 24 h, 48 h and 72, h. We chose the timepoints for qRT-PCR analysis according to previous reports (Soberanes-Gutiérrez et al., 2020): 24 h or exponential phase, at 48 h where the stationary phase begins, and at 72 h where it loses viability due to chronological aging in MC medium under our study conditions.

We identified five genes that are upregulated at 48 h: rlm1 (3.734 log2-fold change); aif1 (0.928 log2-fold change); ald4 (1.039-log2-fold change); nuc1 (1.95 log2-fold change); and tor1 (0.978 log2-fold change). All of these genes have significantly differentially expressions with P < 0.0001 vs. control 24 h (Figure 5A). rlm1 is an ADS-box TF that is phosphorylated and activated by the MAP-kinase Slt2p and involved in cell integrity maintenance (Jung et al., 2002). rlm1 is initially expressed to control stress conditions, and posteriorly it is then repressed; this is because cell death represses cell wall pathways (Jung et al., 2002). Three genes were downregulated: sin3 (−1.26 log2-fold change), tdh3 [isoform A] (−2.405 log2-fold change) and mca1 (−0.310 log2-fold change) with P < 0.0001 vs. control 24 h. tdh3 [isoform B], atg8 and ras1 do not have a significantly differential expression at 48 h with a 0.049, −0.046 and −0.025 log2-fold change, respectively (Figure 5A).


[image: image]

FIGURE 5. Gene expression related to cell death in U. maydis. 1 × 106 cells⋅ml–1 were incubated in MC medium for 24 h (exponential phase), 48 h (stationary phase begins), and 72 h (aged yeast cells) and the expression of genes related to cell death was measured by qRT-PCR. (A) Log2 fold change in the expression of genes of U. maydis at 48 h of growth. (B) Log2 fold change in the expression of genes of U. maydis at 72 h of growth. The actin gene was used as an endogenous control, and the relative expression ratio of target genes was calculated by the 2− ΔΔCT method. All results are from three independent experiments. The values presented are the means ± SD for each group, ns is P-value > 0.05 and ***is P-value < 0.0001 vs. Control.


On the other hand, 10 genes were downregulated at 72 h: sin3 (−6.88 log2−fold change), rlm1 (−4.815 log2−fold change), aif1 (−5.039 log2−fold change), tdh3 [isoform A] (−3.005 log2−fold change), ald4 (−4.327 log2−fold change), nuc1 (−2.196−log2−fold change), tor1 (−4.111−log2-fold change), atg8 (−4.197 log2-fold change), ras1(−0.025 log2-fold change), and mca1 (−5.412 log2-fold change), with P < 0.0001 vs. control 24 h (Figure 5B). On the other hand, tdh3 [isoform B] was upregulated (0.662−log2−fold change) with P < 0.0001 vs. control 24 h (Figure 5B). All of these genes, except for rlm1, ald4, and tdh3 [isoform A], are related to processes of programmed cell death, as SIN3, that is involved in the regulation of mitophagy receptor protein Atg32 in yeast (Aihara et al., 2014). ATG8 is an autophagic protein that plays a key role in autophagosome formation (Dufresne et al., 1998; Nadal and Gold, 2010; Khan et al., 2012); mca1 plays a dual role in the induction of programmed cell death and intracellular protein quality control on exposure to stress conditions (Mukherjee et al., 2017); aif1 is a conserved flavoprotein that causes chromatin condensation and DNA fragmentation, two hallmarks of apoptosis (Susin et al., 1999; Cande et al., 2004; Elguindy and Nakamaru-Ogiso, 2015; Ma et al., 2016); NUC1 causes apoptosis in yeast without the involvement of metacaspase or of apoptosis-inducing factor (Büttner et al., 2007); TOR kinase controls the initiation of autophagy, which results in the development of a single membrane structure known as the phagophore (Yorimitsu et al., 2007; Aguilar et al., 2017; Romero-Aguilar et al., 2020).

Interestingly the majority of genes was downregulated at 72 h, we hypothesize that the cell has a stage in which it makes use of protein turnover to obtain new amino acids, and inhibits gene expression in order to delay cell death. According to that, Herker et al. (2004) demonstrated that old yeast cells release substances into the medium that stimulate survival of the cells.

Additionally, ALD4 plays a critical role in the conversion of acetaldehyde to acetyl-CoA during growth on non-fermentable carbon sources and in the breakdown of toxic aldehydes that accumulate under stress conditions (Aranda and del Olmo, 2003). TDH3 is a Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) involved in glycolysis and gluconeogenesis and catalyzes the reaction of glyceraldehyde-3-phosphate to 1,3 bis-phosphoglycerate (Delgado et al., 2001). GAPDH-derived antimicrobial peptides secreted by S. cerevisiae are active against a wide variety of wine-related yeasts and bacteria (Branco et al., 2014).

Finally, we observed that four genes, aif1, ald4, tdh3 [isoform A] and tdh3 [isoform B], do not have homologues in S. reilianum, which is the organism phylogenetically closest to U. maydis, these genes could be determinant in the greater cell viability shown by S. reilianum compared to U. maydis (Soberanes-Gutiérrez et al., 2020).




CONCLUSION

Our approach of employing the GRN is a valuable resource of regulatory interactions in the general processes occurring in U. maydis. From this approach, proteins common to U. maydis and three fungal models were identified as involved in the conversion of a primary rRNA transcript into one or more mature rRNAs and in cellular metabolic processes. In addition, we found a large set of proteins devoted to regulating gene expression in this fungal system, where the Zn2/Cys6 clusters domain family (PF00172) is the most abundant, with 95 proteins. These proteins are involved in diverse metabolic processes, such as carbon and nitrogen, in the biosynthesis of amino acids and vitamins, pleiotropic drug resistance, stress response, and meiosis and morphogenesis, among others.

Concerning GRNs, we identified at least 10 global regulators, such as Helix-loop-helix domain-containing protein (UMAG_02449), protein homologous to CBF1 of S. cerevisiae, whose abundance increases in response to DNA replication stress. UMAG_03536, which regulates transcription of ribosomal and biogenesis genes and regulates responses to nutrients and stress, transitions during mitosis and response to DNA damage, among others; and Zn(2)-C6 fungal-type domain-containing protein (UMAG_06256), which is involved in transcription from RNApol II promoter associated to chemical stimulus.

Furthermore, in terms of communities, we evaluated the functional similarity of the genes clustered finding that genes related to organic nitrogen compound metabolic processes, cellular biosynthetic processes, and organic substance biosynthetic processes were the most abundant.

Additionally, we identified a regulatory module related to the cell death process that includes 60 TFs and 108 target genes. From this, HDAC_interact domain-containing protein is the most connected node; it is related to cell proliferation, energy metabolism, mating-type switching and meiosis, and maintenance of chromosomal integrity. This module includes genes previously reported as MCA1 metacaspase 1, NUC1, TORC1, and ATG8.

Finally, we analyzed a subset of nodes of the cell death module by qRT-PCR to study the expression levels of these genes at the beginning of the cell death process. We found that in the stationary phase (48 h), most of the genes previously reported to be involved in cell death did not have significant expression, while as cell death begins (72 h) these genes are down-regulated. Our results can serve as the basis for the study of transcriptional regulation, not only of the cell death process but also of all the cellular processes of U. maydis.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

CS-G and EG-V: designed the study and carried out data acquisition and experiments. EP-R, CS-G, JR-H, and EG-V: drafted the manuscript and provided scientific advice and contributed to results interpretations. All authors read and approved the final manuscript.



FUNDING

This work was supported by the Dirección General de Asuntos del Personal Académico-Universidad Nacional Autónoma de México (IA201221 and IN-209620) and Consejo Nacional de Ciencia y Tecnología to JR-H with a postdoctoral fellowship to CS-G.



ACKNOWLEDGMENTS

CS-G was a posdoctorate recipient of fellowships from the Dirección General de Asuntos de Personal Académico – Universidad Nacional Autónoma de México. JR-H was the Emeritus National Investigator, Mexico.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.680290/full#supplementary-material

Supplementary Table 1 | Gene regulatory network of U. maydis and S. cerevisiae.

Supplementary Table 2 | Pfam domains in U. maydis.

Supplementary Table 3 | Communities in GRN.

Supplementary Table 4 | Module of cell death of U. maydis.


FOOTNOTE

1http://david.abcc.ncifcrf.gov/


REFERENCES

Agrios, G. N. (2005). Environmental Effects on The Development of Infectious Plant Disease. Plant Pathology, 5th Edn. Cambridge, MA: Elsevier Academic Press, USA, 251–265.

Aguilar, L. R., Pardo, J. P., Lomelí, M. M., Bocardo, O. I. L., Oropeza, M. A. J., and Sánchez, G. G. (2017). Lipid droplets accumulation and other biochemical changes induced in the fungal pathogen Ustilago maydis under nitrogen-starvation. Arch. Microbiol. 199, 1195–1209. doi: 10.1007/s00203-017-1388-8

Aihara, M., Jin, X., Kurihara, Y., Yoshida, Y., Matsushima, Y., Oku, M., et al. (2014). Tor and the Sin3–Rpd3 complex regulate expression of the mitophagy receptor protein Atg32 in yeast. J. Cell Sci. 127, 3184–3196. doi: 10.1242/jcs.153254

Ámon, J., Fernández-Martín, R., Bokor, E., Cultrone, A., Kelly, J. M., Flipphi, M., et al. (2017). A eukaryotic nicotinate-inducible gene cluster: convergent evolution in fungi and bacteria. Open Biol. 7:170199. doi: 10.1098/rsob.170199

Aranda, A., and del Olmo, M. L. (2003). Response to acetaldehyde stress in the yeast Saccharomyces cerevisiae involves a strain-dependent regulation of several ALD genes and is mediatedby the general stress response pathway. Yeast 20, 747–759. doi: 10.1002/yea.991

Babu, M. M., Luscombe, N. M., Aravind, L., Gerstein, M., and Teichmann, S. A. (2004). Structure and evolution of transcriptional regulatory networks. Curr. Opin. Struct. Biol. 14, 283–291. doi: 10.1016/j.sbi.2004.05.004

Banuett, F. (1992). Ustilago maydis, the delightful blight. Trends Genet. 8, 174–180. doi: 10.1016/0168-9525(92)90091-h

Barabási, A. L., and Oltvai, Z. N. (2004). Network biology: understanding the cell’s functional organization. Nat. Rev. Genet. 5, 101–113. doi: 10.1038/nrg1272

Blondel, V. D., Guillaume, J. L., Lambiotte, R., and Lefebvre, E. (2008). Fast unfolding of communities in large networks. J. Stat. Mech. 2008:10008. doi: 10.1088/1742-5468/2008/10/P10008

Bonner, J. J., Chen, D., Storey, K., Tushan, M., and Lea, K. (2000). Structural analysis of yeast HSF by site-specific crosslinking. J. Mol. Biol. 302, 581–592. doi: 10.1006/jmbi.2000.4096

Branco, P., Francisco, D., Chambon, C., Hébraud, M., Arneborg, N., Almeida, M. G., et al. (2014). Identification of novel GAPDH-derived antimicrobial peptides secreted by Saccharomyces cerevisiae and involved in wine microbial interactions. Appl. Microbiol. Biotechnol. 98, 843–853. doi: 10.1007/s00253-013-5411-y

Büttner, S., Eisenberg, T., Carmona-Gutierrez, D., Ruli, D., Knauer, H., Ruckenstuhl, C., et al. (2007). Endonuclease G regulates budding yeast life and death. Mol. Cell 25, 233–246. doi: 10.1016/j.molcel.2006.12.021

Cande, C., Vahsen, N., Garrido, C., and Kroemer, G. (2004). Apoptosis-inducing factor (AIF): caspase-independent after all. Cell Death Diff. 11:591. doi: 10.1038/sj.cdd.4401400

Cao, X., Liu, X., Li, H., Fan, Y., Duan, J., Liu, Y., et al. (2018). Transcription factor CBF-1 is critical for circadian gene expression by modulating WHITE COLLAR complex recruitment to the frq locus. PLoS Genet. 14:e1007570. doi: 10.1371/journal.pgen.1007570

Cerqueira, G. C., Arnaud, M. B., Inglis, D. O., Skrzypek, M. S., Binkley, G., Simison, M., et al. (2014). The Aspergillus Genome Database: multispecies curation and incorporation of RNA-Seq data to improve structural gene annotations. Nucleic Acids Res. 42(D1), D705–D710.

Cherry, J. M., Hong, E. L., Amundsen, C., Balakrishnan, R., Binkley, G., Chan, E. T., et al. (2012). Saccharomyces Genome Database: the genomics resource of budding yeast. Nucleic Acids Res. 40(D1), D700–D705.

Chodosh, L. A., Olesen, J., Hahn, S., Baldwin, A. S., Guarente, L., and Sharp, P. A. (1988). A yeast and a human CCAAT-binding protein have heterologous subunits that are functionally interchangeable. Cell 53, 25–35. doi: 10.1016/0092-8674(88)90484-9

Colón, M., Hernández, F., López, K., Quezada, H., González, J., López, G., et al. (2011). Saccharomyces cerevisiaeBat1 and Bat2 aminotransferases have functionally diverged from the ancestral-like kluyveromyces lactisOrthologous Enzyme. PLoS One 6:e16099. doi: 10.1371/journal.pone.0016099

Delgado, M. L., O’Connor, J. E., Azorín, I., Renau-Piqueras, J., Gil, M. L., and Gozalbo, D. (2001). The glyceraldehyde-3-phosphate dehydrogenase polypeptides encoded by the Saccharomyces cerevisiae TDH1, TDH2 and TDH3 genes are also cell wall proteins. Microbiology 147, 411–417. doi: 10.1099/00221287-147-2-411

Dufresne, M., Bailey, J. A., Dron, M., and Langin, T. (1998). clk1, a serine/threonine protein kinase-encoding gene, is involved in pathogenicity of Colletotrichum lindemuthianum on common bean. Mol. Plant Microbe Interact. 11, 99–108. doi: 10.1094/mpmi.1998.11.2.99

El-Gebali, S., Mistry, J., Bateman, A., Eddy, S. R., Luciani, A., Potter, S. C., et al. (2019). The Pfam protein families database in 2019. Nucleic Acids Res. 47, D427–D432. doi: 10.1093/nar/gky995

Elguindy, M. M., and Nakamaru-Ogiso, E. (2015). Apoptosis-inducing fac- tor (AIF) and its family member protein, AMID, are rotenone- sensitive NADH:ubiquinone oxidoreductases (NDH-2). J. Biol. Chem. 290, 20815–20826. doi: 10.1074/jbc.m115.641498

Elmore, S. (2007). Apoptosis: a review of programmed cell death. Toxicol. Pathol. 35, 495–516.

Falcone, C., and Mazzoni, C. (2016). External and internal triggers of cell death in yeast. Cell. Mol. Life Sci. 73, 2237–2250. doi: 10.1007/s00018-016-2197-y

Forsberg, H., Gilstring, C. F., Zargari, A., Martínez, P., and Ljungdahl, P. O. (2001). The role of the yeast plasma membrane SPS nutrient sensor in the metabolic response to extracellular amino acids. Mol. Microbiol. 42, 215–228. doi: 10.1046/j.1365-2958.2001.02627.x

Galán-Vásquez, E., Sánchez-Osorio, I., and Martínez-Antonio, A. (2016). Transcription factors exhibit differential conservation in bacteria with reduced genomes. PLoS One 11:e0146901. doi: 10.1371/journal.pone.0146901

Galluzzi, L., Vitale, I., Aaronson, S. A., Abrams, J. M., Adam, D., Agostinis, P., et al. (2018). Molecular mechanisms of cell death: recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death Different. 25, 486–541. doi: 10.1038/s41418-017-0012-4

García-Muse, T., Steinberg, G., and Pérez-Martín, J. (2003). Pheromone-induced G2 arrest in the phytopathogenic fungus Ustilago maydis. Eukaryotic Cell 2, 494–500. doi: 10.1128/ec.2.3.494-500.2003

Gonçalves, A. P., Heller, J., Daskalov, A., Videira, A., and Glass, N. L. (2017). Regulated forms of cell death in fungi. Front. Microbiol. 8:1837. doi: 10.3389/fmicb.2017.01837

Herker, E., Jungwirth, H., Lehmann, K. A., Maldener, C., Fröhlich, K. U., Wissing, S., et al. (2004). Chronological aging leads to apoptosis in yeast. J. Cell Biol. 164, 501–507. doi: 10.1083/jcb.200310014

Hitomi, J., Christofferson, D. E., Ng, A., Yao, J., Degterev, A., Xavier, R. J., et al. (2008). Identification of a molecular signaling network that regulates a cellular necrotic cell death pathway. Cell 135, 1311–1323. doi: 10.1016/j.cell.2008.10.044

Holliday, R. (1961). The genetics of Ustilago maydis. Genet. Res. 2, 204–230.

Hu, Y., Qin, Y., and Liu, G. (2018). Collection and curation of transcriptional regulatory interactions in Aspergillus nidulans and Neurospora crassa reveal structural and evolutionary features of the regulatory networks. Front. Microbiol. 9:27. doi: 10.3389/fmicb.2018.02713

Jiao, X., Sherman, B. T., Huang, d, Stephens, R., Baseler, M. W., Lane, H. C., et al. (2012). DAVID-WS: a stateful web service to facilitate gene/protein list analysis. Bioinformatics (Oxford, England) 28, 1805–1806. doi: 10.1093/bioinformatics/bts251

Jones, P., Binns, D., Chang, H. Y., Fraser, M., Li, W., McAnulla, C., et al. (2014). InterProScan 5: genome-scale protein function classification. Bioinformatics 30, 1236–1240. doi: 10.1093/bioinformatics/btu031

Jung, T., and Grune, T. (2013). The proteasome and the degradation of oxidized proteins: part I—structure of proteasomes. Redox Biol. 1, 178–182. doi: 10.1016/j.redox.2013.01.004

Jung, U. S., Sobering, A. K., Romeo, M. J., and Levin, D. E. (2002). Regulation of the yeast Rlm1 transcription factor by the Mpk1 cell wall integrity MAP kinase. Mol. Microbiol. 46, 781–789. doi: 10.1046/j.1365-2958.2002.03198.x

Junker, B. H., and Schreiber, F. (eds) (2011). Analysis of Biological Networks. Hoboken, NJ: JohnWiley & Sons, Inc.

Kent, N. A., Eibert, S. M., and Mellor, J. (2004). Cbf1p is required for chromatin remodeling at promoter-proximal CACGTG motifs in yeast. J. Biol. Chem. 279, 27116–27123. doi: 10.1074/jbc.m403818200

Khan, I. A., Lu, J. P., Liu, X. H., Rehman, A., and Lin, F. C. (2012). Multifunction of autophagy-related genes in filamentous fungi. Microbiol. Res. 167, 339–345. doi: 10.1016/j.micres.2012.01.004

Kuruvilla, F. G., Shamji, A. F., and Schreiber, S. L. (2001). Carbon-and nitrogen-quality signaling to translation are mediated by distinct GATA-type transcription factors. Proc. Natl. Acad. Sci. U.S.A. 98, 7283–7288. doi: 10.1073/pnas.121186898

Laity, J. H., Lee, B. M., and Wright, P. E. (2001). Zinc finger proteins: new insights into structural and functional diversity. Curr. Opin. Struct. Biol. 11, 39–46. doi: 10.1016/s0959-440x(00)00167-6

Lamb, T. M., and Mitchell, A. P. (2003). The transcription factor Rim101p governs ion tolerance and cell differentiation by direct repression of the regulatory genes NRG1 and SMP1 in Saccharomyces cerevisiae. Mol. Cell Biol. 23, 677–686. doi: 10.1128/mcb.23.2.677-686.2003

Lanver, D., Tollot, M., Schweizer, G., Lo Presti, L., Reissmann, S., Ma, L.-S., et al. (2017). Ustilago maydis effectors and their impact on virulence. Nat. Rev. Microbiol. 15:409. doi: 10.1038/nrmicro.2017.33

Lechner, M., Findeiß, S., Steiner, L., Marz, M., Stadler, P. F., and Prohaska, S. J. (2011). Proteinortho: detection of (Co-)orthologs in large-scale analysis. BMC Bioinformatics 12:124. doi: 10.1186/1471-2105-12-124

Lenz, A. R., Galán-Vásquez, E., Balbinot, E., de Abreu, F. P., Souza de Oliveira, N., da Rosa, L. O., et al. (2020). Gene regulatory networks of Penicillium echinulatum 2HH and Penicillium oxalicum 114-2 inferred by a computational biology approach. Front. Microbiol. 11:2566. doi: 10.3389/fmicb.2020.588263

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2−CT method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Ma, F., Zhang, Y., Wang, Y., Wan, Y., Miao, Y., Ma, T., et al. (2016). Role of Aif1 in regulation of cell death under environmental stress in Candida albicans. Yeast 33, 493–506. doi: 10.1002/yea.3167

MacPherson, S., Larochelle, M., and Turcotte, B. (2006). A fungal family of transcriptional regulators: the zinc cluster proteins. Microbiol. Mol. Biol. Rev. MMBR 70, 583–604. doi: 10.1128/mmbr.00015-06

Madeo, F., Herker, E., Maldener, C., Wissing, S., Lächelt, S., Herlan, M., et al. (2002). A caspase-related protease regulates apoptosis in yeast. Mol. Cell 9, 911–917. doi: 10.1016/s1097-2765(02)00501-4

Marion, R. M., Regev, A., Segal, E., Barash, Y., Koller, D., Friedman, N., et al. (2004). Sfp1 is a stress-and nutrient-sensitive regulator of ribosomal protein gene expression. Proc. Natl. Acad. Sci. U.S.A. 101, 14315–14322. doi: 10.1073/pnas.0405353101

Matsuyama, S., Nouraini, S., and Reed, J. C. (1999). Yeast as a tool for apoptosis research. Curr. Opin. Microbiol. 2, 618–623.

Monteiro, P. T., Oliveira, J., Pais, P., Antunes, M., Palma, M., Cavalheiro, M., et al. (2020). YEASTRACT+: a portal for cross-species comparative genomics of transcription regulation in yeasts. Nucleic Acids Res. 48, D642–D649. doi: 10.1093/nar/gkz859

Mukherjee, D., Gupta, S., Saran, N., Datta, R., and Ghosh, A. (2017). Induction of apoptosis-like cell death and clearance of stress-induced intracellular protein aggregates: dual roles for Ustilago maydis metacaspase Mca1. Mol. Microbiol. 106, 815–831. doi: 10.1111/mmi.13848

Nadal, M., and Gold, S. E. (2010). The autophagy genes ATG8 and ATG1 affect morphogenesis and pathogenicity in Ustilago maydis. Mol. Plant Pathol. 11, 463–478. doi: 10.1111/j.1364-3703.2010.00620.x

Nair, U., Yen, W. L., Mari, M., Cao, Y., Xie, Z., Baba, M., et al. (2012). A role for Atg8–PE deconjugation in autophagosome biogenesis. Autophagy 8, 780–793. doi: 10.4161/auto.19385

Pan, X., and Heitman, J. (2000). Sok2 regulates yeast pseudohyphal differentiation via a transcription factor cascade that regulates cell-cell adhesion. Mol. Cell Biol. 20, 8364–8372. doi: 10.1128/mcb.20.22.8364-8372.2000

Peter, I. S., and Davidson, E. H. (2015). Genomic Control Process: Development and Evolution. Cambridge, MA: Academic Press.

Peterson, C. L., Zhao, Y., and Chait, B. T. (1998). Subunits of the yeast SWI/SNF complex are members of the actin-related protein (ARP) family. J. Biol. Chem. 273, 23641–23644. doi: 10.1074/jbc.273.37.23641

Potter, S. C., Luciani, A., Eddy, S. R., Park, Y., Lopez, R., and Finn, R. D. (2018). HMMER web server: 2018 update. Nucleic Acids Res. 46, W200–W204. doi: 10.1093/nar/gky448

Radicchi, F., Castellano, C., Cecconi, F., Loreto, V., and Parisi, D. (2004). Defining and identifying communities in networks. Proc. Natl. Acad. Sci. U.S.A. 101, 2658–2663. doi: 10.1073/pnas.0400054101

Ramsdale, M. (2008). Programmed cell death in pathogenic fungi. Biochim. Biophys. Acta (BBA) Mol. Cell Res. 1783, 1369–1380. doi: 10.1016/j.bbamcr.2008.01.021

Romero-Aguilar, L., Guerra-Sánchez, G., Tenorio, E. P., Tapia-Rodriguez, M., Matus-Ortega, G., Flores-Herrera, O., et al. (2020). Rapamycin induces morphological and physiological changes without increase in lipid content in Ustilago maydis. Arch. Microbiol. 202, 1211–1221. doi: 10.1007/s00203-020-01833-y

Schweizer, A., Rupp, S., Taylor, B. N., Röllinghoff, M., and Schröppel, K. (2000). The TEA/ATTS transcription factor CaTec1p regulates hyphal development and virulence in Candida albicans. Mol. Microbiol. 38, 435–445. doi: 10.1046/j.1365-2958.2000.02132.x

Shelest, E. (2017). Transcription factors in fungi: TFome dynamics, three major families, and dual-specificity TFs. Front. Genet. 8:53. doi: 10.3389/fgene.2017.00053

Silverstein, R. A., and Ekwall, K. (2005). Sin3: a flexible regulator of global gene expression and genome stability. Curr. Genet. 47, 1–17. doi: 10.1007/s00294-004-0541-5

Soberanes-Gutiérrez, C. V., León-Ramírez, C., Sánchez-Segura, L., Cordero-Martínez, E., Vega-Arreguín, J. C., and Ruiz-Herrera, J. (2020). Cell death in Ustilago maydis: comparison with other fungi and the effect of metformin and curcumin on its chronological lifespan. FEMS Yeast Res. 20:foaa051. doi: 10.1093/femsyr/foaa051

Stoyan, T., Gloeckner, G., Diekmann, S., and Carbon, J. (2001). Multifunctional centromere binding factor 1 is essential for chromosome segregation in the human pathogenic yeast Candida glabrata. Mol. Cell Biol. 21, 4875–4888. doi: 10.1128/mcb.21.15.4875-4888.2001

Susin, S. A., Lorenzo, H. K., Zamzami, N., Marzo, I., Snow, B. E., Brothers, G. M., et al. (1999). Molecular characterization of mitochondrial apoptosis-inducing factor. Nature 397, 441–446.

Teng, X., Cheng, W. C., Qi, B., Yu, T. X., Ramachandran, K., Boersma, M. D., et al. (2011). Gene-dependent cell death in yeast. Cell Death Dis. 2:e188.

Tkach, J. M., Yimit, A., Lee, A. Y., Riffle, M., Costanzo, M., Jaschob, D., et al. (2012). Dissecting DNA damage response pathways by analysing protein localization and abundance changes during DNA replication stress. Nat. Cell Biol. 14, 966–976. doi: 10.1038/ncb2549

Uccelletti, D., Staneva, D., Rufini, S., Venkov, P., and Palleschi, C. (2005). Enhanced secretion of heterologous proteins in Kluyveromyces lactis by overexpression of the GDP-mannose pyrophosphorylase, KlPsa1p. FEMS Yeast Res. 5, 735–746. doi: 10.1016/j.femsyr.2005.01.004

Williams, F. E., Varanasi, U., and Trumbly, R. J. (1991). The CYC8 and TUP1 proteins involved in glucose repression in Saccharomyces cerevisiae are associated in a protein complex. Mol. Cell. Biol. 11, 3307–3316. doi: 10.1128/mcb.11.6.3307

Wloch-Salamon, D. M., and Bem, A. E. (2013). Types of cell death and methods of their detection in yeast Saccharomyces cerevisiae. J. Appl. Microbiol. 114, 287–298. doi: 10.1111/jam.12024

Xu, L., Dong, Z., Fang, L., Luo, Y., Wei, Z., Guo, H., et al. (2019). OrthoVenn2: a web server for whole-genome comparison and annotation of orthologous clusters across multiple species. Nucleic Acids Res. 47, W52–W58. doi: 10.1093/nar/gkz333

Yorimitsu, T., Zaman, S., Broach, J. R., and Klionsky, D. J. (2007). Protein kinase A and Sch9 cooperatively regulate induction of autophagy in Saccharomyces cerevisiae. Mol. Biol. Cell 18, 4180–4189. doi: 10.1091/mbc.e07-05-0485

Yu, H., Luscombe, N. M., Lu, H. X., Zhu, X., Xia, Y., Han, J. D., et al. (2004). Annotation transfer between genomes: protein-protein interologs and protein-DNA regulogs. Genome Res. 14, 1107–1118. doi: 10.1101/gr.1774904

Zassenhaus, H. P., and Denniger, G. (1994). Analysis of the role of the NUC1 endo/exonuclease in yeast mitochondrial DNA recombination. Curr. Genet. 25, 142–149. doi: 10.1007/bf00309540


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Soberanes-Gutiérrez, Pérez-Rueda, Ruíz-Herrera and Galán-Vásquez. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-12-680290-t006.jpg
Locus ID

UMAG_01408

UMAG_05674

UMAG_00801

UMAG_00986

UMAG_05567

Gene name

MCA1
Metacaspase 1

NUC1 protein

TORC1 protein

RAS1 protein

ATG8 protein

Number of
TFs

6

Function

This protein is needed for the clearance of insoluble proteins
aggregates during normal growth and regulates apoptosis in
response to H202 treatment.

It is a major mitochondrial nuclease that participates in
mitochondrial recombination, apoptosis and maintenance of
polyploidy.

It is repressed by in presence of low concentrations of the
metformin or curcumin it was down-regulated.

GTPase that participates in G-protein signaling in adenylate
cyclase activation and regulates cell proliferation.

It is a component of autophagosomes and Cvt vesicles.

References

Madeo et al., 2002; Mukherjee
etal., 2017

Zassenhaus and Denniger, 1994

Soberanes-Gutiérrez et al., 2020

Tkach et al., 2012

Nair et al., 2012





OPS/images/fmicb-12-680290-t002.jpg
Pfam ID

PFO0172
PF04082
PFO0096
PFO0010
PFO0170
PFO0642
PF00320
PF00249
PS50249
PFO0098

Description

Zn,/Cys6 clusters domain
Fungus-specific transcription factor domain
CoHa-like Zn fingers domain
Helix-loop-helix DNA-binding domain
bZIP transcription factor
Zinc finger C-x8-C-x5-C-x3-H type
GATA zinc finger
Myb-like DNA-binding domain
STAS domain profile
Zinc knuckle

Total number of proteins

95
41
21
13
12
12
11
10
8

7





OPS/images/fmicb-12-680290-t003.jpg
Total number of nodes
Total number of interactions
Number of TFs

Number of TGs
Self-regulated

Maximum out degree
Maximum in degree
Communities

GRN of U. maydis

3068
23923
219
2849
50
1997 (UMAG_02449)
43 (UMAG_10357)
17






OPS/images/fmicb-12-680290-t004.jpg
Level Degree centrality Closeness centrality Betweenness centrality Eigenvector centrality

1 UMAG_02449 UMAG_10357 UMAG_05773 UMAG_10357
2 UMAG_03536 UMAG_11928 UMAG_02835 UMAG_01784
3 UMAG_06256 UMAG_01784 UMAG_06256 UMAG_11928
4 UMAG_02835 UMAG_11028 UMAG_02449 UMAG_06138
5 UMAG_03280 UMAG_04497 UMAG_04909 UMAG_11028
6 UMAG_10417 UMAG_04872 UMAG_10417 UMAG_03720
7 UMAG_10426 UMAG_06138 UMAG_10426 UMAG_04872
8 UMAG_10368 UMAG_01726 UMAG_01597 UMAG_04497
9 UMAG_01597 UMAG_02407 UMAG_01224 UMAG_12244
10 UMAG_15042 UMAG_12244 UMAG_03280 UMAG_04871





OPS/images/fmicb-12-680290-t005.jpg
TFs Locus ID Number of Function Homologous References
TGs
BHLH domain-containing UMAG_02449 1997 genes In S. cerevisiae, CBF-1 has the ability to CBF1 in Stoyan et al., 2001;
protein bind to centromeric DNA elements | to S. cerevisiae, Caoetal., 2018
ensure correct separation of chromosomes. NCU08999 in
In N. crassa, it is critical for circadian gene N. crassa, and
expression. AN7734 in
A. nidulans
Transcription factor SFP1 UMAG_03536 1293 genes Regulates ribosomal protein and biogenesis SFP1 of Marion et al., 2004
gene transcription and reaction to nutrients S. cerevisiae
and stress, G2/M changes during the
mitotic cell cycle, and DNA damage
response, as well as cell size.
Zn(2)-C6 fungal-type UMAG_06256 1196 genes Positive transcription regulation from the AN4558 in Cerqueira et al.,
domain-containing protein RNA polymerase Il promoter is involved in A. nidulans 2014
the cell’s response to chemical stimulus.
TEA domain-containing protein UMAG_02835 1129 genes Genes involved in hyphal growth, biofim TEC1in Schweizer et al.,
formation, and virulence are regulated by S. cerevisiae 2000
this TF.
WD_REPEATS_REGION UMAG_03280 1047 genes Itis involved in the establishment of TUP1 in Williams et al.,
domain-containing protein repressive chromatin structure through S. cerevisiae 1991
interactions with histones H3 and H4 and
stabilization of nucleosomes over
promoters.
GATA-type domain-containing UMAG_10417 1003 genes Transcriptional activator of nitrogen GAT1 in Kuruvilla et al.,
protein catabolite repression genes. S. cerevisiae 2001
pH response transcription UMAG_10426 896 genes Itis a Cys2His2 zinc-finger transcriptional RIM1 in Lamb and Mitchell,
factor pacC/RIM101 repressor that is involved in alkaline S. cerevisiae 2003
responsive gene repression as part of the
alkaline adaptation process.
HSF_DOMAIN UMAG_10368 690 genes Activates several genes in response to a HSF1 in Bonner et al., 2000
domain-containing protein wide range of stresses; recognizes variable S. cerevisiae
heat shock elements consisting of inverted
NGAAN repeats.
Hypothetical protein UMAG_01597 671 genes Activator of transcription and global HAP2 in Chodosh et al.,
regulator of respiratory gene expression. S. cerevisiae 1988
Cell pattern UMAG_15042 664 genes Negatively regulates pseudohyphal SOK2 in Pan and Heitman,
formation-associated protein differentiation and plays a regulatory role in S. cerevisiae 2000

ust1

the cyclic AMP (cAMP)-dependent protein
kinase (PKA) signal transduction pathway.






OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Identifying Genes Devoted to the Cell Death Process in the Gene Regulatory Network of Ustilago maydis



		INTRODUCTION



		DATA AND METHODOLOGY



		Reconstruction of the GRN



		TF Identification



		Network Structural Analysis



		Functional Annotation Analysis



		Cell Death Module



		Ustilago maydis Growth Conditions



		RNA Extraction and qRT-PCR Analysis



		Statistical Analysis







		RESULTS AND DISCUSSION



		Regulation in U. maydis



		Gene Regulatory Network



		Topological Properties of the GRN



		Identification of Communities in the Network



		Module of Cell Death



		Gene Expression Analysis







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-12-680290-g005.jpg
>

Log, fold change

Fdekk ok k%

Fdekk

Fedkk

BT

Genes

W

Log, fold change

Genes





OPS/images/fmicb-12-680290-g003.jpg
1

\
Lhl

|
I

—/ 1

— 1, =1

- — Heterocycle metabolic process
- = Cellular nitrogen compound metabolic process
- — Organic cyclic compound metabolic process

— Cellular macromolecule metabolic process

— Macromolecule metabolic process

— Cellular aromatic compound metabolic process
= Nucleobase-containing compound metabolic process
— Protein metabolic process

— Transport

— Single-organism biosynthetic process

— Carbohydrate derivative metabolic process

— Single-organism transport

— Transmembrane transport

= Glycosyl compound metabolic process

— Generation of precursor metabolites and energy
— Energy derivation by oxidation of organic compounds
— Tricarboxylic acid cycle

— Establishment of protein localization

= Protein localization

— Cellular catabolic process

— Organophosphate metabolic process

= Organelle organization

— Oxidation-reduction process

— Cellular carbohydrate metabolic process

— Single-organism carbohydrate metabolic process
— Cell cycle

— Cellular response to stress

— Mitotic cell cycle process

— Regulation of cell cycle

— Cell cycle phase transition

= Positive regulation of cell cycle

— Cofactor metabolic process

— Macromolecule methylation

---— Cellular biosynthetic process

--_— Organic substance biosynthetic process

= Organonitrogen compound metabolic process

— Small molecule metabolic process

— Cellular amino acid metabolic process

= Organic acid metabolic process

9 10 14 12 1§ 1 9 6 8 3 2 7 16 0 5 N
Community ID

Biological process





OPS/images/cover.jpg
, frontiers
in Microbiology

Identifying Genes Devoted to the
Cell Death Process in the Gene
Regulatory Network of Ustilago

maydis





OPS/images/fmicb-12-680290-g004.jpg





OPS/images/fmicb-12-680290-g001.jpg
Size of each list

]
5651

3696

1 w

95 C Number of elements: specific (1) or shared by 2, 3, ... lists
| 2326 | 13 | 2101 | 803 |
4 3 2 :
D

Protein abundance

24.48% 23.84% 27.83% 23.86%

Il Aspergillus nidulans

Il Saccharomyces cerevisiae

2439

2375

2773

2377






OPS/images/fmicb-12-680290-g002.jpg
1€C(O®DDIOIDIOICCOIC(ODIODIO
JCCICRICICICIL)ER( ) ) )

CCODI(OIDI(IICODIC(®D OIODIBICOI(CS®DIDD DDDDDD
LCCCCCICCICEICCLC 8D )0 CERC) L)
2CCCCICCCC ) IC I CCT))

(CCCC(ER))) ]
(0CI0)(C) ()
(Q0CC)CC ) )
(C0CC)0)))) 1)

O1(OI(OI(OI(ODI(®IIIPIIDI(ODD]
[ 20CCCCICCCICICCIICICCIIDCIIC I LI )
.~.~A0!0U~A CCCIC))

(2)2)0CCI0)0)
[0 D)CCCRC D))

36
56

Uum
um

(00) (]
(CCCCCCC )]
(C)CC)()
® 1401¢¢o
{ (( ()
(200)2)()

35

um

17

um

(ED)(( (]
- DDDIE®D
PIA®IL®
@IODI®
PIA®PI®
(CC2))(( ] Py
4@®DIa0I0 ®

80
426

um
um








OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-12-680290-t001.jpg
Name

rim1 Fwd
rim1 Rev
sin3 Fwd
sin3 Rev
aif1 Fwd
aif1 Rev

tdh3 (isoform A)
Fwd

tdh3 (isoform A)
Rev

tdh3 (isoform B)
Fwd

tdh3 (isoform B)
Rev

ald4 Fwd
ald4 Rev
mcal Fwd
mcal Rev
nucl Fwd
nucl Rev
ras1 Fwd
ras1 Rev
atg8 Fwd
atg8 Rev
tor1 Fwd
tor1 Rev
act Fwd
act Rev

Gene ID

UMAG_10560
UMAG_10560
UMAG_11717
UMAG_11717
UMAG_01967
UMAG_01967

UMAG_02491 TO

UMAG_02491 TO

UMAG_02491 T1

UMAG_02491 T1

UMAG_05407 T1
UMAG_05407 T1
UMAG_01408
UMAG_01408
UMAG_05674
UMAG_05674
UMAG_00986
UMAG_00986
UMAG-10131
UMAG-10131
UMAG_00801
UMAG_00801
UMAG_11232
UMAG_11232

Sequence (5'-3')

GCC GCC ATT CGT CAG AAG AGT
CCT CTG GCATTG CTG GAG AAG AC
GCT CAA GCA GAA GGA CGAGGA G
GCA GGG TTG GAT CCATGC TTA GTC
GTG GAC CAA CGG GCG TAG AGT TC
GAG TGG TCC AGT TTG CTC TTG GTC

GTC ATC CAC GAC AAGTTC GGTATC G

GCA CAC GGA AAG CCA TAC CGG

CAG GTC GTC TCG AAC GCC TCATG

CGA GGG GAT GAT GTT GGC AGC G

GCAGACCTCCTCCAGCGAGAC
CAG GAA CGT GCG AAG TGG TGC
GGACAGATAGAGGACGACGAGCTG
GGC ATA GTT CAT GGC GGC ACC
GTACCAGCGAACAGCAAGCTCC
GAG GTG TTC TGC GGT CCATGA C
GCATCACATCTCGCAACTCTTTCG
CGTTGATACGCTGCTTGGCTG
CATCTGCGAAAAGGCTGACC
CTCGTCCTTGTGCTCTICG
CGTTTGAGTATCGTCACAGCACC
CGCGAACTGGGCTTGCATCAC
GACTTGACCGAGTACCTTGC
CGTGATCACCTGTCCGTC






